Introduction
The carbon budget of terrestrial ecosystems is one of the most important mechanisms, in addition to anthropogenic emissions and ocean fluxes, that regulate atmospheric CO 2 concentrations (Le Que´re´et al., 2015; Schimel et al., 2015) . In particular, seasonal and interannual variabilities of atmospheric CO 2 concentrations (and sometimes their isotopic composition) are believed to be largely attributable to terrestrial sinks and sources. Inversely, terrestrial exchanges have been deduced from atmospheric observations such as temporal changes in the growth rate and seasonalcycle amplitude (SCA: maximum range of oscillation within a calendar year between peak and trough) of atmospheric CO 2 concentration. The SCA of atmospheric CO 2 has been investigated in terms of interannual and longer changes in terrestrial ecosystem functions (e.g. Kohlmaier et al., 1989; Randerson et al., 1997; Schneising et al., 2014) . On the basis of long-term observations, Graven et al. (2013) have recently indicated that the SCA of the northern atmospheric CO 2 concentration increased by 25Á50 % over the last 50 yr. This finding is consistent with previous results reported by researchers such as Bacastow et al. (1985) and Keeling et al. (1996) but is associated with a higher level of confidence because it is based on novel analyses using longterm ground and aircraft data and atmospheric transport models. Recently, Forkel et al. (2016) implied that the increased SCA of atmospheric CO 2 and its latitudinal gradient is mainly caused by activation of photosynthetic uptake in northern vegetation, on the basis of terrestrial and atmospheric transport model simulations.
It has been hypothesized that climatic warming may stimulate the growth of middle-to high-latitude vegetation by ameliorating the effects of chilliness and elongating the growing season, although some harmful impacts (e.g. drought, insect outbreaks, wildfires, and increased decomposition) might partly offset the positive effects. Continuous monitoring of northern vegetation by remote sensing (e.g. Myneni et al., 1997; Barichivich et al., 2013) indicates that the photosynthetic activity of vegetation in these areas has been enhanced, the implication being that there has been greater CO 2 uptake during the growing period. Zhang et al. (2008) attempted to detect trends in northern vegetation productivity using satellite leaf area index (LAI) data and the fraction of absorbed photosynthetically active radiation from 1983 to 2005. In contrast, Xu et al. (2013) revealed that the SCA of the satellite vegetation index of northern ecosystems might have decreased, because more rapid warming trend in the winter may have lessened the seasonal contrast of temperature. Analysing space-borne atmospheric CO 2 data, Schneising et al. (2014) found a trend of declining SCA and obtained a negative correlation between the SCA and temperature anomaly, the implication being that that carbon uptake by vegetation was less efficient in a warmer climate. How the SCA of vegetation and ecosystem activities are changing and the underlying mechanisms accounting for the variation are therefore unclear.
Long-term monitoring of ecosystem structure and functions by means of ground-based remote sensing and micrometeorological flux measurement techniques would enable us to detect and analyse changes that would help to resolve these uncertainties. For example, continuous monitoring of leaf phenology (e.g. timings of leaf display and shedding; Richardson et al., 2013) provides useful data for quantifying these changes. Increasing amounts of continuous data on atmosphereÁecosystem CO 2 exchange are available from the worldwide network of tower-based observations made by the eddy-covariance method (global FLUXNET: Baldocchi et al., 2001) . Several recent studies have attempted to scale up such observed flux data to a global-scale using sophisticated statistical methods (e.g. Jung et al., 2011) . Nevertheless, there remain problems and uncertainties in temporal coverage, gap filling, bias correction, and quality control and assurance of observational data. Therefore, it is still difficult to assess broad-scale ecosystem functions and analyse their dynamics and underlying mechanisms using field observational data exclusively.
In this study, we analysed global-scale, long-term trends of the SCA of atmosphereÁecosystem CO 2 fluxes using data simulated by 15 contemporary terrestrial ecosystem models. First, we examined whether the models retrieved the SCA of fluxes and their historical trends to be consistent with observations. Second, we evaluated contribution of the potential mechanisms such as atmospheric CO 2 , climate, land-use, and nitrogen deposition through factorial experiments. Remarkably, we could accomplish these analyses with higher credibility by using multiple-model experiments. A number of model intercomparison projects (MIPs) have been conducted to evaluate the range of the estimates for various metrics (e.g. Cramer et al., 1999; Sitch et al., 2008) . It has been shown that each model has its own bias and that an ensemble of models is likely to provide less biased estimates of ecosystem dynamics. Based on multimodel simulation outputs, we examined whether a majority of the models with different environmental responsiveness simulated the SCA.
One of the advantages of such a simulation-based approach is that we can analyse a long-term trend such as an interannual-to-decadal change. Although the data that drive climate change and land use contain uncertainties, such simulation analyses have been conducted, for example, for the whole twentieth century (e.g. Post et al., 1997; Zeng et al., 2005; Piao et al., 2009 ) to reveal long-term dynamics. Also, by conducting a systematic sensitivity analysis, we may attribute the simulated changes to specific environmental driving factors. This capability is especially useful for separating the contributions of natural and anthropogenic components. An MIP-based analysis is apparently effective in evaluating the range of estimation uncertainty associated with different models. Several previous MIPs revealed that current global models, even though they were up-to-date, provided widely different results (Luo et al., 2015) , the implication being that they are poorly constrained by observational data. In this study, we analysed time-series of the SCAs based on simulated gross (i.e. photosynthesis and respiration) and net CO 2 fluxes at global and regional scales. In terms of correspondence to the trend in atmospheric CO 2 , apparently, net exchange and its seasonally accumulated fluxes are of great importance.
Finally, we discuss the correspondence between the trends of terrestrial ecosystems and atmospheric CO 2 , the potential limitations of this study, the implications for observation and future directions.
Data and methods

Data
We used data from the Multi-scale Synthesis and Terrestrial Model Intercomparison Project (MsTMIP), which was conducted as a part of the North American Carbon Program. The simulation protocol and preparation of the forcing data for the MsTMIP have been described in Huntzinger et al. (2013) and Wei et al. (2014) . Using the same forcing data, we explored four global simulations: SG1, driven by climate data for the historical (1901Á2010) period; SG2, similar to SG1, but including land-use change; SG3, similar to SG2, but including the rise of atmospheric CO 2 ; and BG1, similar to SG3, but including atmospheric nitrogen deposition. Each model was initialised through recursive calculation under the average climate condition in 1901Á 1930, so that the 100-yr mean ecosystem carbon-stock change comes sufficiently close to zero. Time-series data of atmospheric CO 2 concentration derived from observations (Wei et al., 2014) were applied to SG3; in other simulations, it was kept constant at the level of initialisation period. Therefore, by examining the differences between the factorial experiments, we could approximately assess the impact of specific forcing factors, foe example, the atmospheric CO 2 fertilization effect based on the difference between SG3 and SG2. In this study, climatic impacts were not separated into specific meteorological factors such as radiation, temperature, and precipitation. It is noteworthy that only a few models take into account nitrogen cycling in terrestrial ecosystems, and therefore, BG1 was conducted with a limited number of models. We expected that BG1 are SG3 were closest to the reality, and factorial separation was done for each model using available experimental results.
In this study, we used data from 15 terrestrial ecosystem models (Table 1) that submitted simulation data to the MsTMIP version 1 data set (www.nacp.ornl.gov/ mstmipdata/). All the data had a spatial resolution of 0.5 8)0.5 8 in latitude and longitude. We intended to maximise the number of models to elucidate the range of inter-model variability. Monthly CO 2 flux data for SG1, SG2, SG3 and BG1 during the period 1901Á2010 were therefore used in this study. When available, we used LAI data (LAI, m 2 m (2 ) for supplementary analyses to separate the contributions of physiological and structural responses in vegetation to the simulated amplification of the SCA of GPP.
For a supplementary comparison, we used the global time-series data of Normalized Difference Vegetation Index (NDVI) produced by the Global Inventory Modeling and Mapping Studies (GIMMS) (NDVI3g: Zhu et al., 2013) . Using the data from 1982 to 2010, we calculated the trend of SCA for each grid cell and compared with those of GPP simulated by the MsTMIP models. This comparison intended to examine the consistency of stimulated vegetation growth in the last 30 yr.
Analyses
This study focused on the SCA of atmosphereÁecosystem CO 2 exchange in relation to atmospheric CO 2 concentration. From the perspective of the global carbon budget, we conducted analyses first for global total fluxes and then for regional patterns. Although ecosystem responses and contributions may differ among regions, the global analyses are expected to clarify the dominant pattern and process most closely linked to the average trends in atmospheric CO 2 . Because we used monthly data, changes in the seasonal phase (e.g. timing of transition from net release to uptake) and growing-season length (e.g. Barichivich et al., 2013) were not the central issue; these features should be considered in a forthcoming study. Note that simulations were conducted using 6-hourly meteorological data (Wei et al., 2014) , and such sub-monthly vegetation responses were then implicitly included into CO 2 fluxes by most of the models. We ensured carefully that the net CO 2 budgets in terms of net ecosystem exchange (NEE) and net ecosystem production (NEP) were defined differently among the participating models (Zscheischler et al., 2014) with respect to land-use, fire, and product decay emissions. These ancillary carbon flows were small, but they can play key roles in the net carbon budget, trend analysis and seasonal CO 2 exchange (e.g. Zimov et al., 1999) . Therefore, for clarity in this study, we adopted a unified definition of NEP as follows:
where GPP is the gross primary production (photosynthetic uptake) and RE is the ecosystem respiration, which is the sum of autotrophic respiration from vegetation and heterotrophic respiration from soil decomposers. The NEP data calculated using eq. (1) (not those provided by each model group) were used in this study. As shown by the idealized sample data in Fig. 1 , seasonal changes in the difference between GPP and RE cause the seasonality of net atmosphereÁecosystem CO 2 exchange. Theoretically, a larger SCA in GPP and/or smaller amplitude of RE can lead to a larger SCA of net CO 2 exchange; a change in their seasonal-phase lag is also influential. fluxes on atmospheric CO 2 seasonality. The SCA was therefore evaluated using two metrics (see Fig. 1 ): (1) the SCA of the monthly flux (Fig. 1b) , defined as the difference between the maximum and minimum monthly fluxes, and (2) the SCA of the cumulative flux (Fig. 1c) , defined as the difference between the peak and trough of the cumulative flux for each calendar year. Many previous studies (e.g. Peng et al., 2015) adopted the former metric of SCA for net terrestrial CO 2 exchange. The latter metric for NEP, however, is expected to be more sensitive to ecosystem change, because it shows the difference accumulated over the growing period and throughout the year. Furthermore, the cumulative-flux metric is likely to be more directly related to changes in atmospheric CO 2 concentrations. Because gross fluxes (GPP and RE) always take positive values for each flux direction, their SCA was calculated using only the former definition. Note that additional metrics, such as the difference between growing-and dormancyseason total net fluxes (e.g. Gurney and Eckels, 2011) , have been used for other research purposes. Figure 2 shows the average seasonality of monthly and cumulative global terrestrial NEP based on 15 models compared with the seasonality of global-mean atmospheric CO 2 . Considering the fact that ocean and anthropogenic fluxes may have weak and different seasonality of atmospheric exchange, most of the terrestrial models are likely to simulate smaller SCAs of net CO 2 flux (e.g. Graven et al., 2013 for CMIP5 models; Peng et al., 2015 for TRENDY models). In contrast, seasonal phases in both monthly and cumulative fluxes are well correlated in most models (see Supplementary Fig. 1 for the global-mean atmospheric CO 2 data and their SCA trend).
These metrics of the SCA were calculated for GPP, RE and NEP for different spatial extents: grid cell, latitudinal zone and global, respectively. The statistical significance of the linear trends was examined using the Student's t-test. In this study, three latitudinal zones were considered: tropical (258SÁ258N), northern middle (258Á558N) and northern high (558Á908N). From the time-series of SCA metrics calculated for each calendar year, linear trends were obtained by linear regression during specified periods. We focused especially on the contrast between the time intervals 1911Á 1960 and 1961Á2010. The first 10 yr (1901Á1910) of the study were not included to remove the transitional effects associated with the spin-up to the experimental phase.
Results
Global mean trends
In the MsTMIP simulations, terrestrial gross CO 2 fluxes increased at different rates among the models and simulations. In the SG1 simulations, global annual GPP increased from 113.3926. in the SG2 simulations were comparable to those in the SG1 simulations, and those in BG1 were comparable with those in SG3. The global annual RE showed similar changes but the slope of trends was low, meaning slightly a weak trend. In terms of model-ensemble results, the SCAs of global GPP and RE clearly increased over time, in parallel with the increase of annual (i.e. cumulative) fluxes (Fig. 3) in the SG3 and BG1 simulations. Although the amplification of GPP and RE offset each other (cf., Fig. 1a ), the larger change of GPP seasonality resulted in seasonal amplifications of the estimated NEP. On average, the SCAs of cumulative NEP were estimated to be 5.8, 6.5, 7.3 and 6.5 Pg C (model average) in the 1950s for the SG1, SG2, SG3 and BG1 simulations, respectively. In the 2000s, the corresponding SCAs increased to 5.7, 6.8, 9.3 and 8.0 Pg C, respectively. The amplification of SCA was more evident in the SG3 and BG1 simulations than in the other simulations (Fig. 3) . The difference between the SG2 and SG3 results was primarily attributable to the difference in atmospheric CO 2 concentrations, whereas the impact of land-use change accounted for only a small difference between the SG1 and SG2 results. The amplification of the SCA was almost proportional to the augmentation of the terrestrial CO 2 fluxes. Namely, the ratio of the SCA to the annual total flux was approximately constant through the simulation period. For GPP in the SG3 simulations, the magnitude of SCA was about 5.9 % of the annual flux in the 1910s and about 6.0 % in 2000s. Figure 4 also clarifies the fact that seasonality of the CO 2 flux was more amplified in SG3 through time. This pattern was especially apparent in the cumulative NEP, a pattern apparent in the average behaviour of all the MsTMIP models. Because the difference accumulated for several months during the growing period, the cumulative NEP showed clearer differences between the periods and simulations. Compared with SG1 and SG2 ( Fig. 4b and d) , the simulated NEP in SG3 (Fig. 4f) showed a clearer maximum uptake in NEP and peak cumulative uptake in September. A comparison between SG1 and SG2 ( Fig. 4b and d) demonstrated that land-use change exerted a considerable influence on the seasonal change in atmosphereÁecosystem CO 2 exchange at the global scale.
During the period 1961Á2010 in the SG1, SG2, SG3 and BG1 simulations, model-ensemble linear trends of the SCA of cumulative global NEP were found to be (2.1911.1, 5.0912.2, 41.5922.9 and 32.3919.9 Tg C yr A. ITO ET AL.
The relative incremental rates were found to be (0.02 %, '0.06 %, '0.50 % and '0.38 % yr
(1 , respectively (Table 2 ). These trends of cumulative NEP were slightly larger than those of gross and net monthly fluxes: '0.19 % to '0.28 % yr
(1 (Table 2 ). Assuming the SG3 or BG1 results as a reference, it is possible to separate contributions of different factors by differentiating simulations. For example, climate, land-use change and atmospheric CO 2 rise contributed to the model-average SCA trend of cumulative NEP to (4.9 %, '17.8 % and '87.1 %, respectively, for the SG3 simulations. For the SCA trend of RE, climate change made a considerable contribution ('30.4 %).
Inter-model consistency and difference in global trends
The MsTMIP-model simulations in most cases showed significant increasing trends in the SCA of GPP and RE (Fig. 5) . During the period 1911Á1960, inter-model differences were not evident, especially for the SG3 and BG1 simulations. During that period, six models (CLM4, CLM4VIC, SiB3, SiBCASA, TEM6 and VISIT) simulated a significant (p B0.001) increasing trend of the SCA of GPP in SG1, for which the simulated variability was driven solely by climate data. During the period 1961Á2010, most models simulated more rapid rates of change (i.e. acceleration) of the seasonality of GPP and RE in the SG3 and BG1 simulations. The linear trends of SG3 and BG1 were, in most models, comparable during both periods, the implication being that nitrogen deposition has a small impact on the SCA amplification.
The rate of change in the SCA of NEP (cf., Fig. 1b ) simulated in the MsTMIP models was smaller in 1911Á 1960 (Fig. 6 ) compared with that of GPP and RE, which, because of their similar seasonality, tended to offset each other. Nevertheless, significant increasing trends of the SCA of NEP were found in the simulations of nine models during 1961Á2010. In the trends of cumulative NEP amplitude (cf. Fig. 1c ), inter-model and inter-simulation differences were a bit clearer ( Fig. 6c and d) . A few models (SiBCASA, TEM6 and VISIT) showed weak decreasing trends of cumulative NEP seasonality in the SG1 or SG2 simulations, and a majority (11 of 15) of the models evidenced significant increasing trends of NEP seasonality in SG3 simulations. 
Regional difference in SCA trends
The simulated trends of the SCA showed different spatial distributions among the MsTMIP models, although global total fluxes and their trends were comparable ( Fig. 7 for cumulative NEP). Remarkably, a few models (Biome-BGC, GTEC, ORCHIDEE-LSCE and VISIT) showed complicated spatial patterns of decreasing and increasing trends due to different responses to forcing conditions. Several models (CLASS-CTEM-N, GTEC, LPJ-wsl and SiBCASA) simulated amplifying trends in Europe and eastern-central North America, while that were not evident in other models. In the Amazon basin, which is found at low latitudes and undergoes relatively indistinct climate seasonality, the simulated trends were different among the models: amplification in CLASS-CTEM-N, SiBCASA and TRI-PLEX-GHG, shrinkage in Biome-BGC and GTEC, and mixed or unclear trends in others. In Siberia, which is located in a boreal region with clear seasonal contrast, five models (GTEC, ORCHIDEE-LSCE, SiB3, SiBCASA and VISIT) showed amplifying trends of seasonality (see Supplementary Fig. 2 for the SCA trends of GPP). Figure 8 clarifies the latitudinal characteristics (i.e. intermodel and inter-simulation differences) of the simulated trends of the SCA. At high northern latitudes, the majority of the models (11) simulated significant amplification of the cumulative zonal NEP in the SG3 or BG1 simulations, whereas in the Tropics, less than half (6) of the models simulated such amplification. In northern middle latitudes, the majority of the models (10) simulated significant amplification in the SG3 or BG1 simulations. It is remarkable that in the SG1 simulation, four models simulated diminishment of seasonality at northern middle latitudes. 
Discussion
Global trends of SCA amplification
This study showed that the majority of the contemporary terrestrial ecosystem models simulated amplification of the SCA of atmosphereÁecosystem CO 2 exchange during the experimental period, especially when considering historical climate, land-use and atmospheric CO 2 conditions. Our result is qualitatively consistent with that by Forkel et al. (2016) , who showed the dominant contribution of photosynthesis in northern vegetation but used the LPJ-mL model only. Similarly, our result is, at least qualitatively, consistent with the major finding obtained from atmospheric observations (e.g. Graven et al., 2013) . The SCA of global mean atmospheric CO 2 concentration (see Supplementary Fig. 1 . These observational value falls within the range of the linear trends of SCA in the cumulative global NEP simulated by the MsTMIP models (Fig. 5d) , that is, '41.5922.9 Tg C yr
(1 for SG3 and '32.3920.0 Tg C yr (1 for BG1. In contrast, the simulated magnitudes of SCA amplification in the SG1 and SG2 scenarios were significantly lower than the observed trend. The analyses using factorial experimental results were effective to separate the influence of forcing factors on the SCA trends, although there remain uncertainties and inconsistencies with other studies. Indeed, this study could not explain the decrease of the SCA shown by Xu et al. (2013) and Schneising et al. (2014) . It is theoretically possible that a reduction in the magnitude or SCA of respiratory CO 2 emissions (sensitive to temperature variability) due to diminished seasonal contrast of temperature resulted in a larger SCA of net ecosystem CO 2 flux (e.g. Gurney and Eckels, 2011; Tian et al., 2015; Yu et al., 2016) , if the change in the SCA of GPP did not offset that effect. In this analysis (Fig. 3 and Table 2 ), both the simulated GPP and RE showed SCA amplification during 1961Á 2010, and the larger amplification of GPP accounted for the trend of NEP. Moreover, we should be careful about the fact that ecosystem response was different among regions and biomes. For example, winter-green ecosystems (e.g. Mediterranean) would have a different seasonal phase and then different environmental responsiveness from other ecosystems. Also, humid tropical ecosystems may not show clear seasonal patterns, although they respond to interannual climate variability. Therefore, we need more studies to comprehensively account for the trends of the different components of the earth system.
It has also been difficult to separate the photosynthetic enhancement (Figs. 3 and 4 ) into contributions from canopy-level LAI expansion (i.e. structural response) and increased leaf-level gas exchange (i.e. physiological response). Figure 9a shows the relationship between the trend of LAI and the trend in GPP for each model simulation. NEP, 1911 NEP, -1960 Fig In the SG1 and SG2 scenarios, the LAI trend was weak and the relationship between the trends was unclear, and the implication being that the moderate amplification in these simulations was largely attributable to a physiological response. In contrast, many SG3-model simulations showed a considerable increase in LAI seasonality and a corresponding trend of amplification of GPP seasonality. This result implies that in these model simulations, a structural response in combination with a physiological response accounted for the larger magnitude of the SCA amplification. This finding is consistent with the satellite-observed SCA trend of northern vegetation LAI in recent decades (Jeganathan et al., 2014) . Another interesting question is whether such seasonal amplification is related to the strength of carbon uptake by terrestrial ecosystems. Because SCA is likely to indicate overall activity of atmosphereÁecosystem CO 2 exchange, we may hypothesize that the SCA is related to ecosystem fluxes, particularly net carbon uptake, for a certain period. Fig. 9b shows that the simulated linear trend of the SCA of NEP in northern middle latitude is well correlated with net terrestrial carbon sequestration during 1961Á2010 in the SG1 to SG3 simulations. This result is remarkable, because Zhao and Zeng (2014) found a similar relationship by using a different data set of future projections from the Climate Model Intercomparison Project. Furthermore, it is remarkable that the relationship in this study was obtained as an aggregated result of multiple terrestrial model simulations, and it implies that monitoring of seasonality has implications for long-term carbon uptake. 
Human impacts on SCA amplification
In this study, the MsTMIP-based analyses implied that human activities exerted influences on the SCA of terrestrial CO 2 fluxes. Several recent studies Zeng et al., 2014) have proposed that growth of agricultural production during the last decades accounts, at least in part, for the observed amplification of atmospheric CO 2 seasonality. In our study, the influence of land-use change, including cropland conversion, was evident in the difference between the SG1 and SG2 results and explained on average 17.8 % of the combined amplification in SG3. The magnitude of this effect is smaller than the approximate 45 % amplification estimated by Zeng et al. (2014) , who used the VEGAS model to take account of historical changes in agricultural management. In their paper, they implied that the Green Revolution played an important role in the augmentation of the SCA after the 1950s. The results of the present analysis showed a consistent acceleration of the amplification of the SCA (Figs. 3 and 5) , although there remain uncertainties about the precise magnitude.
A time-series of a satellite-observed vegetation index (Fig. 10a) shows amplification of the SCA over large areas of land, especially in central North America, South America, Central to Eastern Europe, the Sahel, India, eastern Siberia and eastern Australia. Many of these regions overlap regions where the fraction of cropland has increased during the past several decades (Fig. 10b ). Many models simulated such SCA amplification in cultivated regions (Fig. 7) , although there was not a high degree of confidence in data for cultivated areas. For example, amplification in central North America was clearly simulated by GTEC, LPJ-wsl, ORCHIDEE-LSCE and SiBCASA. In contrast, increased cultivation in East Asia was unrelated to seasonalcycle amplification of the vegetation index, and the models showed inconsistent results. Additionally, the modern change of the cropland fraction (Fig. 10b) showed a broad area of decrease in Eastern Europe. This decrease was perhaps attributable to cropland abandonment after the Chernobyl nuclear power accident in the Ukraine in April 1986. In many of these areas of cropland decrease, the SCA of the vegetation index was enhanced, but for undefined reasons (e.g. regrowth of natural vegetation).
Missing factors and future direction
Our study provided an analysis consistent with a decadalscale amplification of the SCA in atmosphereÁecosystem CO 2 exchange. It is important to note that considerable uncertainties remain in the present model simulations. The present study used 15-model results to derive less biased conclusions concerning the trend of the SCA, but this strategy does not guarantee that inter-model disparity represents the full range of estimation uncertainty or that the mean or median of these model results is necessarily the most accurate. For example, several process-oriented studies (e.g. Richardson et al., 2012; Alexandrov, 2014) have revealed that present terrestrial models are insufficient to capture seasonal phenomena such as leaf phenology and substrate limitation. Although many contemporary models consistently simulated such amplification, this study has some shortcomings, as discussed below.
Several studies (e.g. van der Werf et al., 2010) have indicated that biomass burning has clear seasonal variability; that is, larger combustion emissions occur in the northern summer. The result is leading to larger seasonality of terrestrial emissions and an offset of photosynthetic uptake. Only a limited number of MsTMIP models explicitly take account of fire-induced carbon emissions (and the following recovery of vegetation): Biome-BGC, CLM, CLM4VIC, DLEM, LPJ and VEGAS. To avoid inconsistency in the definition of net CO 2 flux, this study defined NEP as the difference between photosynthesis and respiration [cf., eq. (1)] for all the models. This definition made the present analyses clearer, but we still need to account for the impact of biomass burning when interpreting the temporal trend in atmospheric CO 2 seasonality. Mouillot et al. (2006) showed that global emissions from biomass burning have gradually increased in the twentieth century, especially in tropical forests and tropical savannas. Yang et al. (2015) found a significant declining trend in global pyrogenic carbon emissions between the early twentieth century and the mid-1980s but a significant upward trend between the mid1980s and the 2000s as a result of more frequent fires in ecosystems with high carbon storage, such as peatlands and tropical forests. Also, Zimov et al. (1999) stated that disturbed ecosystems have larger SCAs than undisturbed ones, because of increased uptake in summer and increased release in winter. It is noteworthy, especially when comparing with atmospheric data, that anthropogenic CO 2 emission from fossil fuel combustion has an opposite seasonal phase (i.e. peak in winter) and has been increased during the last decades (e.g. Andres et al., 2011) . This emission increase could partly contribute to the amplification of atmospheric CO 2 seasonality. Apparently, we need more studies to clarify the roles of disturbance and human activity in altering the SCA.
In many models, agricultural management was included, but in quite a simplified manner. It is still difficult for terrestrial models to take account of actual management practices such as irrigation, tillage, multi-cropping and crop rotation, which could affect the magnitude and seasonality of CO 2 exchange over croplands. A few studies have provided global, spatially explicit crop calendar data with respect to planting and harvest dates (e.g. Sacks et al., 2010) but only for the present time. To account for historical changes in agricultural management and its impact, we need to develop a general and practical scheme of agricultural practices.
Implications for observations and future projection
The seasonality of terrestrial ecosystems has focused attention on observations of the responses of vegetation to global environmental change. For example, the timing of leaf display and shedding of deciduous-type vegetation is responsive to interannual changes of temperature and therefore is useful for monitoring the functional properties of vegetation (e.g. Gunderson et al., 2012; Keenan et al., 2014) . Recently, Buitenwerf et al. (2015) and Fu et al. (2015) have analysed worldwide leaf phenology data and have indicated that the impact of phenological changes on ecosystem functions differs among regions and varies through time. Such monitoring has also been conducted by means of satellite remote sensing, which now provides up to 30 yr of global data (e.g. Zhu et al., 2013) . In addition to monitoring by optical images, flux measurements by the eddy covariance method have been providing novel and rigorous evidence about terrestrial ecosystem functions, including their seasonality. For example, Piao et al. (2008) have shown that in northern ecosystems, autumn warming would result in increases of net carbon release as a result of enhanced respiratory emissions. Several studies (e.g. Angert et al., 2005; Buermann et al., 2013) showed that there would be trade-offs between seasonal responses of vegetation to temperature change, for example, earlier spring onset accompanied with weaker summer uptake. Such seasonal changes in responsiveness may be more complicated than is presently known, and thus, observations of the seasonality of vegetation (e.g. amplitude and phase) are expected to provide in-depth knowledge about ecosystem functional properties.
Our study also indicated that monitoring of ecosystem seasonality would provide useful insights concerning ecosystem dynamics. The clear relationship between the amplification trend and net carbon uptake (Fig. 9b) suggests that observations of seasonality have implications for long-term functionality. In a near-stationary state, the SCA may be independent of annual net carbon uptake, which is expected to be near zero. However, during a monotonic environmental change such as an atmospheric CO 2 rise, amplification of the seasonal activity of vegetation may be accompanied by an increase in annual carbon assimilation and can then be related to net ecosystem carbon uptake. However, it should be aware of that there can be other possibility that the SCA trend of NEP is caused by different (perhaps independent) mechanisms such as a change in winter respiration . Examining the hypothesis by in situ observations is an essential task, but it requires a few decades of continuous monitoring. A few long-term measurements may allow us to address this issue. For example, Urbanski et al. (2007) analysed long-term flux data at the Harvard Forest and showed that the strength of annual net carbon uptake had increased for more than 13 yr. Remarkably, the increase in annual carbon uptake was accompanied by an expansion of the differences between GPP and RE and between growing and dormant periods, the implication in both cases being an amplification of the SCA in the forest. In the case of Arctic ecosystems, Belshe et al. (2013) has conducted a meta-analysis across 54 observational studies and has shown that growingseason net CO 2 uptake has generally increased since the 1990s. They also showed that an increase in dormant-season CO 2 release has led to an increase in CO 2 release from tundra ecosystems. Thus, the fact that the relationship between seasonality and the annual total carbon budget seems subject to change should encourage further observations to derive general tendencies with higher confidence.
Finally, we emphasize here again that model intercomparison, especially in conjunction with factorial experiments, is one of the most practical and effective research approaches to perform a rigorous analysis of global and regional carbon exchanges and their seasonality. These model-based outcomes should be examined and combined with observational evidence to achieve knowledge that is less biased. With respect to the SCA amplification issue, it is an interesting task to simulate spatial and temporal patterns of atmospheric CO 2 concentrations using multiple terrestrial fluxes (e.g. MsTMIP data) combined with atmospheric transport models (e.g. TransCom; Law et al., 2008) . Additional sensitivity simulations aimed at separating the impacts of these meteorological variables would provide further insights into ecosystem responsiveness to environmental change. Through these efforts, more insights into terrestrial ecosystem functions under changing global environments should be possible. Those insights should improve the credibility of models for making future climate projections using Earth system models, in which terrestrial ecosystem models are embedded.
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